Abstract The aim of our study was to conduct a metaanalysis of reports published on hepatic resection for colorectal liver metastases (CRLM) and determine if a negative margin ≥1 cm confers a disease free survival (DFS) advantage over sub-centimeter negative margins. The 357 initially selected articles were screened to identify 90 articles of interest of which eleven were finally included in the metaanalysis. Patients with positive margins were excluded from the meta-analysis. Meta-analysis was performed using STATA 9.2 statistical software. A total of 1,989 patients with negative margins from the eleven studies were included in the meta-analysis. The 5-year DFS for all patients was 27.9 % (95 % CI 23.5 % to 32.2 %). The 5-year DFS for ≥1 cm negative margin subgroup was 34.4 % (95 % CI 27.97 % to 40.7 %) when compared to 21.0 % (95 % CI 17.4 % to 24.7 %) for <1 cm negative margin subgroup. The odds ratio for ≥1 cm negative margins was found to be 0.552 (95 % CI 0.408 to 0.747, p<0.001) when compared to <1 cm negative margins. The results of this meta-analysis demonstrate that in patients undergoing hepatic resection for CRLM, a negative margin≥1 cm may confer a better DFS compared with a sub-centimeter negative margin.
Introduction
Hepatic resection remains a well accepted modality in the treatment of patients with colorectal liver metastases (CRLM) with 5 year overall survival (OS) ranging from 37 % to 58 % [1] [2] [3] [4] and 5 year disease free survival (DFS) ranging from 11 % to 50 % [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Recurrence of the disease after resection still remains a challenge and adversely affects the long term outcomes. Most of the factors associated with recurrence are related to the biology of the disease including primary tumor stage, disease free interval of less than 12 months, preoperative carcinoembryonic antigen (CEA) levels, number & size of metastatic tumors and presence of extra-hepatic disease [2, 15] .
Surgical resection margin is also considered to be an additional prognostic factor. Although there is a consensus that positive margins portend a worse DFS as compared to negative margins, the extent of negative margins remains controversial. Several studies have documented a DFS advantage of ≥1 cm negative margins over <1 cm negative margins of resection [5, 8, 10, 13] . Whereas others have concluded that the width of negative margin has no influence on DFS [3, 6, 7, [9] [10] [11] 14] . Many authors have argued that tumor biology rather than the extent of surgical margin determines outcomes in these patients and the debate continues. Most of the data is derived either from single institutional studies or from select few multi-institutional studies. In such a scenario a meta-analysis may help provide useful clinical data.
It has been recently shown that in patients undergoing hepatic resection for CRLM a negative margin ≥1 cm confers an OS advantage when compared to sub-centimeter negative margins [16] . The aim of the current study was to perform a meta-analysis of studies published on CRLM (using surgical resection as a primary mode of treatment) to determine if negative resection margin of ≥1 cm confers a DFS advantage over negative resection margin of <1 cm.
Materials and Methods

Search Strategy and Inclusion/Exclusion Criteria
Articles in PubMed database from 1966 to the present were searched using the key words 1) "Colorectal metastases" AND ["Liver resection" OR "Hepatic resection"] 2) Search 1 AND "margins". The search was restricted to articles published in English language. We identified 357 articles with some overlap between the two categories. A backward search was also performed using cross references from the bibliographies of relevant articles and review articles to ensure a comprehensive search. Figure 1 depicts the search strategy in detail.
The following articles were excluded from the analysis 1. Review articles/Letters 2. Articles analyzing patients with recurrent hepatic metastases only 3. Articles including patients with non colorectal hepatic metastases 4. Articles including patients mainly treated with ablation therapies such as cryotherapy, radiofrequency ablation or chemoembolization 5. Articles comparing patients who underwent resection, to patients who underwent no treatment or nonresectional treatment
In order to select relevant and high quality articles we further sub-stratified our inclusion criteria into absolute and relative inclusion criteria.
Absolute criteria for inclusion were as follows:
1. Inclusion of margin of resection as a variable in outcome analysis 2. Calculation of percentage 5-year DFS with margin of resection as a variable 3. Sub-categorization of negative margins into subcentimeter (with or without additional sub-groups) and more than a centimeter sub-groups
Studies should meet at least 70 % (5 out of 7) of the relative criteria which were defined as:
1. Clear statement of study hypothesis 2. Clear statement of the main outcome of the study 3. Description of the demographic characteristics of the study population 4. Description of operative mortality 5. Description of length of follow up 6. Description of percentage of patients who were lost to follow up Full texts were reviewed for 90 articles. Duplicate publications by the authors on the same dataset i.e. patients operated during the same duration, were excluded [17, 18] . In such cases the most recent publication of the authors was included in the analysis [7, 11] .
Data Extraction and Definitions
Estimates of 5-year DFS and the number of patients (including patients in each margin sub-category) were extracted from the studies (texts or tables). Patients with positive margins were excluded from the current meta-analysis and only patients with negative margins were included. Many studies sub-stratified sub-centimeter negative margins into different sub-categories [4, 8, 10] . For these studies, a weighted mean was calculated using the number of patients in each sub-category and the corresponding percentage survival, to compute percentage survival for the whole <1 cm negative margin sub-group. Some studies [3, [5] [6] [7] categorized negative margins as "≤1 cm and >1 cm" while others [4, [8] [9] [10] [11] [12] [13] [14] used "<1 cm and ≥1 cm" for negative margins. For the purpose of meta-analysis ≤1 cm and <1 cm were treated as "<1 cm" and > 1 cm or ≥1 cm were treated as "≥1 cm". Such sub-categorization was performed due to lack of individual patient data. This will lead to misclassification of some patients with exactly 1 cm margins into "<1 cm subcategory" and will bias our meta-analysis towards good outcome in <1 cm margins. However, it appeared to be the more conservative approach. This approach was chosen as it will increase the power and precision of our meta-analysis by allowing us to include more studies. Meta-analysis was performed using the number of patients with evidence of recurrent disease vs. patients who were disease free at 5-years in the "<1 cm" and "≥ 1 cm" subgroups.
Statistical Methods
Meta-analysis was performed using STATA 9.2 statistical software (StataCorp, 4905 Lakeway drive, College Station, Texas). All data were treated as binary (Disease free vs. evidence of recurrent disease at 5 years, <1 cm vs. ≥1 cm). An estimate of the number of patients who were disease free at 5 years was calculated by multiplying the total number of patients in <1 cm and ≥ 1 cm sub-categories included in the study by the corresponding 5 year DFS estimate. Odds ratios and 95 % confidence intervals computed from the binary data were used for the final meta-analysis. Random effects model was used due to our suspicion of heterogeneity amongst different studies. Heterogeneity was explored using the chisquared test with a significance level of p00.10. I 2 was calculated to further quantify heterogeneity. Publication bias was explored using funnel plots and symmetry of the funnel plot was analyzed using objective tests such as Egger and Begg tests.
Results
After the application of the absolute inclusion criteria, relative inclusion criteria and removal of duplicate publications, 11 studies [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] were included in the meta-analysis. Table 1 summarizes the study characteristics of the final 11 studies included in the meta-analysis. All studies were retrospective analyses. A total of 1,989 patients with negative margins from the eleven studies were included in the meta-analysis with individual studies contributing 58 to 259 patients. Median or mean age for most of the studies was in 50's or 60's with majority reporting a mean or median follow up period of at least 2 years. Table 2 summarizes the different studies, number of patients with data on negative margins and estimates of disease free survival in each individual study. Estimates of the 5-year DFS ranged from 11 % to 28 % for the <1 cm negative margin subgroup and 20 % to 42 % for the ≥1 cm subgroup.
The 5-year DFS for all patients was 27.9 % (95 % CI 23.5 % to 32.2 %). The 5-year DFS for ≥1 cm negative margin subgroup was 34.4 % (95 % CI 27.97 % to 40.7 %) when compared to 21.0 % for <1 cm negative margin subgroup (95 % CI 17.4 % to 24.7 %). 
Meta-Analysis and Publication Bias
All Studies
The odds ratio for ≥1 cm negative margins was found to be 0.552 (95 % CI 0.408 to 0.747, p<0.001) when compared to <1 cm negative margins (Fig. 2a) . A statistically significant improvement in 5 year DFS was seen in patients with negative margins ≥1 cm compared to patient with <1 cm negative margins. There was statistically significant heterogeneity amongst the studies (p0 0.051) and the contribution of heterogeneity to variation in odds ratio was 45.2 %. Publication bias was tested using Funnel plots (Fig. 2b) and multiple tests including egger test (Coef. 0 −2.538, Std. Err. 0 1.211, t0−2.1, p0 0.066) and begg test (adj. Kendall's score0−23, Std dev.012.85, z0−1.79, p00.073). Although these tests do not rule out publication bias in its entirety, it appears that publication bias in the selected studies is less prominent.
Studies with Sample Size of More Than 100 Patients
A subset analyses for the 8 studies with sample size more than 100 patients was performed (Fig. 3) . Again a statistically significant improvement in 5 year DFS was seen in patients with ≥1 cm negative margin compared to <1 cm negative margin (Odds ratio 0.597, 95 % CI 0.427 to 0.837, p00.003). There was a statistically significant heterogeneity amongst the studies (p00.040) and the contribution of heterogeneity to the variation in odds ratio was 52.3 %. Publication bias was tested using egger test (Coef. 0 −3.183, Std. Err. 0 2.144, t0−1.48, p00.188) and begg test (adj. Kendall's score0−10, Std dev.08.08, z0−1.24, p00.216) suggesting that the chances of publication bias were minimal.
Recent Studies Published After Year 2000
Since the meta-analysis included studies spanning over a period of 20 years we elected to perform a subset analyses of studies published in the last 10 years and 5 years respectively, as most of the advances in the surgical techniques and adjuvant therapies have occurred recently ( Fig. 4a and b ). There were 7 studies [3, 6, 8-10, 12, 13] published in the last 10 years and 5 studies [3, 6, 10, 12, 13] published in the last 5 years. These analyses also revealed a better DFS in patients with ≥1 cm margin compared to <1 cm negative margin and this was found to be statistically significant (Studies in the last 10 years: Odds ratio 0.509, 95 % CI 0.329 to 0.787, p00.002, heterogeneity 56.2 %, heterogeneity p0 0.033; Studies in the last 5 years: Odds ratio 0.506, 95 % CI 0.294 to 0.872, p 00.014, heterogeneity 62.8 %, heterogeneity p00.029).
Discussion
Recurrence is an important deterrent to the long term survival of patients with CRLM who undergo hepatic resection. Several clinic-pathologic factors have been shown to affect DFS but the surgical margins remains one of the unique prognostic factors as it could be influenced by the surgeon and the surgical technique. Some studies have found a DFS a For these studies different sub-centimeter sub-categories were pooled to compute percentage survival for "< 1 cm subgroup"
advantage of 1 cm margin [5, 8, 10, 13] whereas other studies have refuted the notion concluding that width of the negative surgical margin does not significantly influence the DFS [3, 6, 7, 9, 11, 12, 14] . However, most of the studies are either small or are from single institutions and therefore an informative conclusion is difficult to derive. Metaanalysis is a statistical tool which synthesizes the effects of smaller studies to estimate the true effect of a clinical intervention and provide the best available clinical evidence [19] . The aim of the current meta-analysis was to investigate if negative resection margins of ≥1 cm confer any DFS advantage over negative resection margins of <1 cm. To our knowledge this is the earliest meta-analysis on the subject with data on a large number of patients.
Our results show that a negative margin of ≥ 1 cm may have advantage of disease free survival over a subcentimeter margin of resection. This was further tested using various subgroups such as studies with sample size of > 100, studies from last 10 years and 5 years. The uniformity of this survival benefit across the spectrum of analyses demonstrates robustness of our meta-analysis. A recent study has shown the OS advantage of ≥1 cm negative margins over Fig. 2 a Meta-analysis of influence of surgical margin on disease free survival after hepatic resection of colorectal metastases: all 11studies. (Odds ratios were calculated using the random effects model. Large diamond at the bottom represents the overall effect of negative margins on the disease free survival. Small diamonds embedded in squares represent the individual study effects with 95 % confidence intervals represented by the horizontal bars). b Funnel plot for meta-analysis of 11 studies depicting one notably outlier study sub-centimeter negative margins [16] . However, the exact reasons for the beneficial effect of margin status on DFS remain unclear. Wakai et al. have previously shown that 95 % of the intra-hepatic micro-metastases occur within 1 cm of the tumor deposits and there are a median of 4 micro-metastases per patient [13] . Therefore a 1 cm margin should help remove 95 % of the micro-metastases. Their results were different from Kokudo et al. who also analyzed the presence of the micro-metastases in the surrounding liver parenchyma using genetic and histologic methods and found micro-metastases to be rare (2 %) [8] . However micro-metastases through the Glisson pedicle were more common (14.3 %) and were located within 5 mm of the tumor edge. Based on these findings and other data the authors recommended a minimum margin of 2 mm (subcentimeter margin) as an acceptable margin. Although different tumor biology may account for the differences in the findings of Wakai et al. and Kokudo et al. but since both the studies are from the same region a different methodology may better explain the differences in the incidence and location of micrometastases as well as the recommended margins by the authors.
Some authors have hypothesized that if margins truly affect the DFS, most of the recurrences should occur locally at the site of resected tumor. Studies by Muratore et al., Pawlik et al. and Nuzzo et al. have shown that most of the recurrences regardless of the margin width are either extrahepatic or at other intra-hepatic sites away from the resection end [3, 4, 10] . Interestingly, in the study by Kokudo et al. resection end recurrences although most common in patients with <2 mm surgical margin, were only seen in patients with up to 9 mm surgical margin and no such recurrences were seen in patient with ≥1 cm margin. In spite of these elegant studies, biological reasons for the beneficial effect of ≥1 cm margin on DFS still remains unclear and are beyond the purview of this analytical article.
Our study has several strengths. The current metaanalysis reflects good methodology. An extensive pubmed search using different relevant terms was performed along with backward search using references from the relevant articles, with well defined inclusion and exclusion criteria to include high quality and relevant studies, elimination of overlapping or duplicate studies, and extensive description of summary measures and results. Additionally, random effects model was used to account for heterogeneity of different studies and several subset analyses were performed to verify the results and rule out publication bias.
In spite of these strengths there are several limitations some of which have been discussed previously [16] . Metaanalysis is only as good as the studies included in it and there is a chance that inspite of our rigorous efforts some relevant studies might have been missed. The meta-analysis approach based on odds ratio is not as accurate as the one based on individual patient data and hazards ratio [20] . Procurement of individual patient data is very difficult and time consuming. Only 4 studies [6, 10, 13, 17] calculated hazard ratios for the margins and only one study had hazard ratios for sub-centimeter and ≥1 cm negative margins [13] , making this approach difficult to use. Therefore, odds ratio based approach was found to be the most feasible and used in the current study. This approach although not as accurate as the individual patient data and hazard ratio based approach, has been used previously [21, 22] .
The included studies in the current meta-analyses span over a period of 20 years during which many advances have been made in chemotherapy and resection techniques. We Fig. 3 Meta-analysis of influence of surgical margin on disease free survival after hepatic resection of colorectal metastases: studies with sample size of more than 100 patients. (Odds ratios were calculated using the random effects model. Large diamond at the bottom represents the overall effect of negative margins on the disease free survival. Small diamonds embedded in squares represent the individual study effects with 95 % confidence intervals represented by the horizontal bars) tried to minimize these effects by performing a subset analyses of studies over the last 10 and 5 years however a direct analysis of the effect of these factors have not been performed due to small number of studies and different chemotherapy regimens used. The influence of modern chemotherapy and newer resection techniques will require further studies. In the absence of any randomized controlled trial our meta-analysis may represent a comprehensive analysis of the impact of margins on DFS following hepatic resection for CRLM. The results of our work are reinforced by the simultaneous report by Cucchetti et al. [23] . Although performed independently, the similarity of our results to those of Cucchetti et al. demonstrates the beneficial influence of margins on DFS following hepatic resection for CRLM.
In conclusion, results of our meta-analysis demonstrate that there may be a DFS advantage of ≥1 cm negative margins over subcentimeter negative margins in patients undergoing hepatic resection for CRLM. Striving to achieve ≥1 cm margin should not preclude resection or compromise the safety of operation, as subcentimeter margins are also associated with a favorable disease fee survival. Since randomized controlled trial may not be feasible, this metaanalysis may represent a comprehensive analysis of the Fig. 4 a Meta-analysis of influence of surgical margin on disease free survival after hepatic resection of colorectal metastases: studies published after the year 2000. b Metaanalysis of influence of surgical margin on disease free survival after hepatic resection of colorectal metastases: studies published after the year 2005. (Odds ratios were calculated using the random effects model. Large diamond at the bottom represents the overall effect of negative margins on the disease free survival. Small diamonds embedded in squares represent the individual study effects with 95 % confidence intervals represented by the horizontal bars) influence of margins on disease free survival following hepatic resection for CRLM.
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